FERC Technical Conference 20:.
June 2628
Washington DC

Forecasting of Dynamic Line Ratings for Market System

Kwok Cheung, GE
Prashanth Duvoor, Ampacimon



Outline

A Introduction¢ Dynamic Line Rating (DLR)
A 1ISO/RT@ Dynamic Line Rating utilizatieiteraction?

A Dynamic Line RatingReaitime & Forecasting

A Example in Belgium Transmission Grid

A Integration of DLR Forecast into ISO/RTO Market Management Syste
(Dayahead, Intraday & Reatime)

A Conclusions



Introduction¢ Dynamic Line Rating
(DLR)



Dynamic Line Ratingis highly variable

Key Question:C | = ¥ | maximum eu@ent (thermal rating) that can
transfer through a line, and still keep thenductor temperature below its
limit, and therefore keep the conductor below taximum sag?

Conductor
temperature

Maximum sag /
minimum clearance

Weather conditions i eg: wind speed,
air temperature, sunlight, etc
Location T latitude, elevation, line
direction

Current through the conductor
Conductor characteristics

p S5 ST S

Example: Drake Conductor 795 AWG 26/7

Thermal Rating @ 90 °C

A Air temperature 40°C
A Wind speed is 2 ft/sec
perpendicular to

Max current @ Max
conductor

z10°cro30°C +10% to 999A
—_— temperature Wltho/

conductor =:Jto5ftlsec  +350 to 1250A
A Emissivity & absorptivity ﬁi?gng beyond its———F>

is 0.5 each . \
A Elevationi sea level 903A @90°C - =.jto 15ft/sec  +90% to 1715A

A Clear sky, 12pm July4—— Thermal Rating

temperature

sag for cooler
condition

sag at
max temp

clearance
limit

maximum current
(thermal rating)
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Another Example: _D)‘
Wind speed &most influencing factor —>

€ Wi is tthe most critical factor (and varies a lot with time and location)

Conductor temperature [° C] vs. Line load [Amps] (570mm?2 Aluminium-alloy conductor)

Design (referen cey @\% \©
v=0.5 m/s &V ‘\,}.6\

75/ ===y

Max. Max. sag

Actual line
capacity

Seasonal
rating

2500

Load [A]
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solutions for a dynanic arid

Reference: Finding Hidden Capacity In Transmission Lines, BY DAN LAWRY & BERNIE FITZGERALD, North American WindepantedOrdimeApril 2007 Edition



Dynamic Line Rating applicatio@sdds value to all players

Regulators

A Shortterm solution A
to existing
transmission
constraints

A
A avoid or defer
significant rate
regulated A
investments,
A reduce cost to rate
payers A

ISO/RTO

Improve market
efficiency by&L.MPs,
congestion.

enhancing grid
operational safety,

accelerate generator
interconnection
process;

reduce the impact
caused by
planned/unplanned
transmission outages

Transmission Utilities/Owners/Operators

Transmission

increase in power
transfer capacity,

Enhance operational
safety and reliability, and
strict adherence to
industry standards
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A Optimize cost of
transmission in the IRP
process,

A avoid or defer capital
investment for upgrades,

A improve bilateral market
efficiency,

A reduce the impact caused
by planned/unplanned
transmission outage,

A reduce curtailment of
utility-owned generation

Independent Power Producers

Ay
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A Create economic value

by enabling to dispatch
more power

A reduce curtailment



ISO/RT@ Dynamic Line Rating utilization
- Interaction?



mu{ - 2 3 " ¥ 1D  r | x&inferhckionwith| ©
ISO/RTOs

DLR- has the potential to increase line ratifgy reduce transmission congestiof
enhance market efficiency

DLR integration in Markets &Are ISO/RTO using DLR (from transmission owners) in
market operations, if so what technology?

DLR data&Are ISO/RTO concerned with Reliability & Accuracy of DLR data?

% I ‘Smart solutions for a dynamic arid



Dynamic Line RatingReaitime &
Forecasting

Example Iin Belgium Transmission
Grid



DLR Determination Methods

Weatherbased methodginaccurate)

A Rely on monitoring e.g. ambient weather

A Line temperature and sag are determined by
theoretical models and calculation

A Realtime anddirect measurement of Sag
A Sag(Clearance) is the ultimate limit to

Temperaturebased methodginaccurate)

A Based on direct conductor temperature operation of an overhead line
measurements in combination with other A Besides line current, many external factors
measurements. can be measured / estimated / compounded:

L Sag is thailtimate consequence of line load
Sag monitoring methods w/ Measurement of

Perpendicular Wind Speed at Conductor A Wind Speed measurement at the conductor is
A Measuring some characteristic of the line (e.g. key
vibration) to determine the sag A ltis pointless to measure conductor

temperature (fluctuating along the line)

I ‘Smart solutions for a dynamic arid



Proposed Reaime and Forecast Dynamic Ratingetermination

Wind speed Temperature Line current

_)) P e
;). |

() <Annealing temperature

| ©2 -3 9D- [ m -1 T ¥, - 2 fvo keypdramietgr®+ ©2 | - %- ©°
A sag(patented)
A real wind speed as seen by the condudfpatented)

Why does ADR sense measure wind speed at the conductor®ind speed is the most influencing factor of dynamic
rating. Wind speed and direction will vary significantly over the distance of a span and section.

Ampacimon sag vs. topographer sag
25 T T T

Why are weather station -based wind speed values 3
inaccurate? High-wind speeds macreffects x5
Low Wind Speed local effects

O  ELIA / module 1
- + ELIA/ module 3
) P9 / ELIA / module 4
2 + RTE/ module 5 & 15

Topographer sag [m]

% RTE/ module 7

How is the accuracy of the solution validated? sag 1o o R mees
yalidated vs. topographer sag measurements in several e e o2
Instances B exact fit+/-0.2 [m]

! 1
5 10 15 20 25

II Ampacimon sag [m]
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Span #1 Span #2 Span #i Span #N
RT Span RT Span RT Span RT Span
Ampacity Ampacity Ampacity Ampacity

RT Line
Ampacity 1

Realtime dynamic rating:

Calculate reatime rating using the IEEE or CIGRE
thermal model with adjusted effective ambient
parameters, utilizing the intrinsic accuracy of the
ADR sensors

Intra -day dynamic rating Forecasts:
Computes dynamic rating forecast over & hour
period.

Day(s)yAhead dynamic-rating Forecast:
Weatherbased models, correlated with historical
RealTime measurements 98% confidence interval

solutions for a dynanic arid



Day(s)ahead Dynamic rating forecast

Weather
forecast
history

Why is weather-based DLR forecast inaccurateails to give reliable

Real-time rating
using sag and wind Confidence

Per confidence level
(for example:

rating forecasts due to wind speed forecast uncertainties measurements from degradation P50, P80, P95, P98)

Ampacimon computation

sensors Per forecast horizon

Improving accuracy of DLR forecast?

Degradation

A Machine learning and predictive algorithms use measured real

time historical data measured by sensors, we statistically adapt the

7000 |
weather forecast to locally observed conditions (as viewed by the 65001 | — Rating — Current - Static rating —48-hour P98 forecast rating

AL ¥ [\

5500- |
line/conductor) 5000

, 4500

. : . . © 4000+ |

A Degradation algorithm ->98% Confidence Interval Degradation 8 3500 {! ) |
<

3ooo: J 'M*t Jf‘- \‘ ‘

of the weather forecast is computed so that the forecast is below gggg i
_ 1500 Yl
actual for >98% of the time. 1000 -
500 1

2/5 277 2/9 2/11 2/13 2/15 2417 2/19 2/21 2/23 2/25 2/27
February 2015

Ampacimon
/ Smart solutions for a dynamic grid



Belgium Transmission Grid (Eka)ses 48hour forecast dynamic
rating forecast to increase import capacity by18% (for B2)

A Eliaintegrated real -time, intra -day and 48-
hour forecast dynamic ratings into their
SCADA/EMS/MMS

A The average redime dynamic rating-32 to 56%
over seasonal rating

A The Integrated 48 houprecast into their market
& system operations yielded a+5% to 10% for
D-2

Belgium Peak Load:13 GW

Summer 2014: Loss 3x Nuclear Power Plants of 1GW each

+% Over Seasonal Rating

Problem: Belgium required to import power from France & Netherlands, however,
maximum import capacity was insufficient during specific winter weather events
Solution: Belgium Transmission Grid Operator (Elia) deplgyed” ¥ § - Ryhami -
Rating solution on 8 of its 380 kMifes including intraday and daysahead forecast

Real-time & 48 hour forecast Dynamic Rating over seasonal rating -

+60% Winter 2014/2015
+50%
+40%
+30%
+20%
+10%
+0%
Line1 Line 2 Line 3 (near sea) Line 4 Line5
B Average real-time rating E Minimal real-time rating for 90% of time
u Average 48hr forecast rating Minimal 48hr forecast rating - 90% of time

Smart solutions for a dynamic grid



Integration of DLR Forecast into ISO/RTO
Market Management Systems (Dakiead,
Intra-day & Reatime)



DLR Approach for System Operations

MW Confidence

Cone of uncertainty

Operation Planning

Realtime Operation

Deterministic



Typical Business Process Timeline

Day 1

10:00

48 Hours

168 Hours

168 Hours

N
Day 2 Day3

14:30 OH-1 Operating

Hour



Application of Redlime, Intraday and Dayahead dynamic rating
IN Realtime and Dayahead market operations

A Integration of 24 hour dynamic rating forecast into the network model A Integration of realtime dynamic rating 1 hour forecast into the state
estimator model for SCED retine

for SCUC and SCED dayead
A Data (with 98% confidence interval) can be provided hourly to A Data can be provided every 5 minute to calculate SCED
A Our experience suggest: Dynamic ratings are at least +20% to +35%

calculate hourly SCED
A Our experience suggest: Dynamic ratings are at least +5% to +10%. This improves realime market efficiency significantly and reduces
This improves daphead market efficiency significantly and reduces congestion costs further

congestion costs

Intra -day dynamic rating Forecast Realtime dynamic rating

Day-ahead dynamic-rating Forecast

RTM Offers/
DAM Offers, cost curves,
Bid and Load Forecast
Operating and Operating
Reserve Reserve
Requirements Requirements
v
\ 4 h 4
Day-ahead SCUC/SCED System —— — RealTime SCED System
Day-Ahead | Re'ban?{"ty _ | commitment] | Real-Time
Market o Commitment o o anc: . = Market
ispatcl . .
Network Model SCUC / State Estimation & SCED
Management SCED Contingency Analysis
Comprehensive Operating Plan

Data flow

——p Business process flow



Renewable Generation Forecast

| A Multi-stage SCUC/SCED

‘ Net Interchange Forecast A OU tage managemen t

spup | | Demand Forecast A After-the-fact forensic analysis
e || k ey (perfect dispatch)

o A Renewable generation

Multi-Stage
SCUC/SCED

Comprehensive Operating forecasting
rian (eon A Net interchange forecasting
[ = A Demand forecasting
e J T it soayss A Adaptive Model Management
T T— e A Adaptive generator modeling
T R A Adaptive constraint modeling
v ‘\ ‘

Physical System ]
{ Operation Archived System |
/ ‘ ————_Operation History



Dayahead Market SCUC/SCED System with Incorporation of DL

DLR

A\ 4
DLR forecast
Forecasting F Scheduled Outages— DLzl MEBSTEIRS
9 Scheduler Model Manager
Generic External
Operators vy Constaints transactions_| EXternal Energy
m <> Constraint Scheduler
Manager
Manage 9 Load &
constraints Renewable Network Model
forecast Topology
Load & Bid data Processing
Renewable Resource |
i h teristi
Forecasting characlenisies Resource connectivity
and Network Sensitivities
' .
MCE :
|
|
|
» |
[
Con§traint
Libfary

Injection/Withrdawal

Simultaneous

-Report new constraints

Feasibility Test

DAM Offers,
Bid and
Operating
Reserve
Requirements

RTM Offers/
cost curves,
Load Forecast
and Operating
Reserve
Requirements

Reliabili Look-Ahead
Day-Ahead Uni L% _ | Commitment _ | Real-Time
Market = nit and = Market
Commitment .
Dispatch

Comprehensive Operating Plan

Data flow

——p Business process flow

‘Smart solutions for a dynamic arid



Near Real Time TransmissiOonstraint Management

Constraints

Activate \
constraints

_— ”fﬂ
l Operators

ACMUI Suggested
Constraints

Constraint
Processor

A

_—

Const.

binding Info

traint

Library

L-Report new constraints

Constraints
and Actual Flow

SE Savecase

Topology
Processing

<« Scheduled Outages

Resource connectivity
and Network Sensitivities

Injection/Withrdawal

Simultaneous

Feasibility Test [«

-
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Realtime Market- Functional Modules of DLR in EMS

o oo
|

1

: Telemetered Current

! ALARM and Voltage Calculate MVA

! Ratings from o
\ Ampere Ratings Database
: Dynamic Line Write MVA

i Ratings SCADA Ratings to SCADA

i Calculate MVA

| Ratings from

i RTNET Telemetered Weather weather information

. Information

1

| @ Real-Time Dynamic Line Rating Calculation

1

1

| RTCA

1

1

RTM Offers/ A I

DAM Offers, cost curves, \\ PR ’

Bid and Load Forecast AN L

Operating and Operating N L
Reserve Reserve AN i
Requirements Requirements N e -
\ e
\\ . 7’
.
r 0y T 17
— Look-Ahead

Day-Ahead | Relia p'"ty Commitment _ | Real-Time

Market e Unit e and > Market

Commitment "
Dispatch

@ Comprehensive Operating Plan W

Data flow




SCED Formulation

min ¢(P) + co(O) — cd(D)
subject to the following constraints:

e System power balance

(A) Y (B -D)-FD-P,=0

e Reserve requirement

7o) D 0z0™

e Generator minimum generation limit
(™) P >P™

¢ Generator joint maximum generation limit Locational Marginal Price
(") P+0O<P™ oP,

® Price-responsive load dispatch range P B Z Gt
(n™) 0<D. <D™

e Generator ramp-rate limit
(@) |P—P’I<RR™

Impacted by DLR determination
Grid base-case and contingency / .

(ﬂ}) Zahf(‘Ps_Df_dfoD)gL?mx

IMP =24

I ‘Smart solutions for a dynamic arid



Potential Energy and Reserve Cost Savings

A Applied DLR to the RICED process for a very large power system with
more than 37,000 buses and 48,000 transmission lines.
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